The electrical conductance of Au-adsorbed Si͑111͒-ͱ 3 ϫ ͱ 3-Ag surface was studied as a function of temperature ͑110-300 K͒ by a method of micro-four-point probe. In the pristine surface without Au adsorbates, the surface electrical conductance was inversely proportional to the temperature, indicating a metallic nature dominated by electron-phonon scattering. After deposition of small amounts of Au adsorbates ͓0.02 and 0.14 monolayer ͑ML͔͒, the surface electrical conductance decreased with temperature, exhibiting a nonmetallic behavior in spite of nearly free-electron and metallic surface bands still existing. It is explained by localization of surface-state electrons due to randomly dispersed Au nanoclusters at 0.02 ML coverage and due to disordered and high-density domain boundaries in the ͱ 21ϫ ͱ 21 superstructure at 0.14 ML coverage of Au.
I. INTRODUCTION
The electronic transport properties of surfaces and ultrathin films have received much attention because of their strong correlation with unique properties of materials in reduced dimension. The electronic transport properties are mainly determined by electronic band structures, especially by the density of states ͑DOS͒ at Fermi level ͑E F ͒. 1 Since the detailed surface structure and morphology can modify the DOS at surface dramatically, direct measurements of the surface electrical conductance is a challenging way of studying fundamental transport physics. 2, 3 Recently, for example, Tanikawa et al. 4 succeeded in detecting directly the electrical conductivity through the surface states of the Si͑111͒-4 ϫ 1-In surface, a quasi-one-dimensional metallic system, providing an evidence for a metal-insulator transition with one-dimensional charge-density-wave formation in the surface state.
The Si͑111͒-ͱ 3 ϫ ͱ 3-Ag surface superstructure ͑ ͱ 3-Ag in short hereafter͒ is another interesting prototype for surface transport studies since it is well known by its twodimensional electron-gas ͑2DEG͒ system in the surface state which has a free-electron-like parabolic band crossing E F . [5] [6] [7] In our previous paper, 8 it has been shown that this surface exhibits metallic conduction from room temperature ͑RT͒ down to around 150 K, while it changes into an insulating behavior below it. This metal-to-insulator transition in transport is tentatively attributed to strong localization of the surface-state carriers due to random potential, with enhancement by so-called electron standing waves created around inevitable defects on the surface; a periodic potential modulation with a periodicity of a half of the Fermi wavelength enhances the carrier localization. In the present paper, we intend to provide experimental data supporting this idea by intentionally introducing defects on this surface by depositing tiny amounts of additional Au atoms on the ͱ 3-Ag; such defects are expected to enhance the carrier scattering and localization. The metal-insulator transition in conductivity of the pristine ͱ 3-Ag surface was also reported by another group, 9 though the interpretation of the results was different from the carrier localization.
Using macroscopic four-point-probe ͑4PP͒ methods in which the probe separation is several millimeters, it has been found that depositing tiny amounts of monovalent metal atoms, i.e., alkali metals ͑K, Rb, and Cs͒ and noble metals ͑Ag, Au, and Cu͒ onto the ͱ 3-Ag surface, makes the surface conductance increase significantly. 10 It was discovered later by angle-resolved photoemission spectroscopy ͑ARPES͒ that the monovalent adsorbates dope electrons to the surface-state band of the ͱ 3-Ag substrate, shifting the 2DEG band downward below E F and thus increasing the nearly free-electron density. 11, 12 As a result, the surface conductance increases accordingly with the adsorbate coverage until it became a superstructure, which has a periodicity of ͱ 21ϫ ͱ 21 forms at ϳ0.14 monolayer ͑ML͒ coverage. Previous scanning tunneling microscopy ͑STM͒ studies have shown that at different coverages of the monovalent adatoms, the adsorbate arrangement on the ͱ 3-Ag surface is quite different depending on the adsorbate species and coverage and the substrate temperature. 13 At very low coverage ͑0.01-0.02 ML͒ and at low temperature ͑LT͒ ͑ϳ135 K͒, the adsorbates sit on identical adsorption sites of the ͱ 3-Ag surface, but without longrange order, which induces random attractive potential to the 2DEG. As a result, it makes the 2DEG band split into two; 14 an adatom-induced impurity band and the 2DEG band are hybridized with each other. As the coverage increases, the adsorbates aggregate to form the ͱ 21ϫ ͱ 21 superstructures that have quite small domains compared to the ͱ 3-Ag substrate. 15, 16 Therefore, the electronic transport behavior is expected to be different at different phases of adsorbates as the coverage changes.
In this paper, by measuring the temperature dependence ͑110-300 K͒ of the surface conductance of Au-adsorbed ͱ 3-Ag surface with different Au coverages, we have investigated the dominant mechanism of carrier transport. Before the Au deposition, the surface conductance of pristine ͱ 3-Ag increases as the temperature decreases, indicating a metallic character in which the carriers are mainly scattered by the lattice vibration. However, after small amounts of Au atoms are deposited, nonmetallic transport behavior is observed in the temperature dependence of the surface conductance, although the Au/ ͱ 3-Ag systems have shown metallic bands in the previous ARPES studies. Therefore, the nonmetallic transport should be attributed to localization of the surfacestate electrons due to random potential induced by the Au adsorbates.
II. EXPERIMENT
Experiments were performed in an ultrahigh vacuum ͑UHV͒ chamber equipped with a setup of micro-four-pointprobe ͑4PP͒ measurement and reflection-high-energy electron-diffraction ͑RHEED͒ systems. Details about the home-made 4PP apparatus are described elsewhere. 4, 17 The point of the 4PP method is that by shrinking the probe separation down to the order of micrometer, the sensitivity to surface is greatly improved in conductivity measurements. In this paper, the probe separation was set to be 20 m for practical convenience, which was much smaller than the sample size ͑2 ϫ 15ϫ 0.5 mm 3 ͒. Therefore, the sample can be regarded as infinitely large lateral. The sample and probe were cooled down by thermal conduction from a liquid-N 2 vessel in the UHV chamber.
The RHEED system was used to monitor the surface structures of sample, a P-doped n-type Si͑111͒ wafer with resistivity of 2 -15 ⍀ cm at RT. After outgassing at ϳ400°C overnight, the Si wafer was flashed at 1250°C several times by direct current heating to obtain a clean Si͑111͒-7 ϫ 7 surface. The ͱ 3-Ag surface was prepared at a substrate temperature of 450°C by depositing Ag atoms of about 1 ML. Au atoms were evaporated onto the ͱ 3-Ag surface after cooling the wafer down to RT. A AuFe/chromel thermocouple was fixed very close to the Si wafer ͑3 mm away from one side of the Si wafer͒ for measuring the sample temperature below RT.
The experiments of ARPES were performed in another UHV chamber of which details are described elsewhere. 7, 13, 18 The light source was He I with photon energy of 21.2 eV, and the analyzer was Scienta SES-100. Energy resolution in the ARPES experiment is ϳ35 meV.
III. RESULTS AND DISCUSSION

A. Comparison of resistances
The inset of Fig. 1͑a͒ shows the arrangement of the fourprobes aligned on a sample surface with equal spacing d.
Current I was injected into the sample from the outer pair of probes, and the voltage drop ⌬V was detected by the inner pair. Thus, we could obtain the four-point-probe resistance from the gradient of current-voltage curves, R = d͑⌬V͒ / dI.
In a simplified three-layer model, the injected current can flow through three channels in parallel: surface states on the topmost atomic layers, bulk states in the surface spacecharge layer ͑SCL͒ just beneath the surface, and bulk states in the interior of substrate. 2, 19 By making the probe spacing as small as the thickness of the SCL or less than it, the last channel can be reduced significantly, as demonstrated by previous experimental results. 19 One can roughly evaluate the contribution of bulk channel to the 4PP measurement by investigating the dependence of the 4PP resistance on the probe spacing. 19 If the current penetrates deeply into the bulk, the system can be simplified with a homogeneous semi-infinite three-dimensional ͑3D͒ resistive material, for which the measured 4PP resistance R should be inversely proportional to the probe spacing d,
where is the bulk resistivity. 19 In contrast, if the current flows only through the surface layer ͑surface state and SCL͒, the sample should be regarded as an infinite 2D sheet, for which R is independent of d,
where R s is the sheet resistivity.
19 Figure 1͑a͒ shows the probe-spacing dependence of 4PP resistance measured by four-tip STM at RT 20,21 on two kinds of pristine ͱ 3-Ag surfaces, one of which is formed on a n-type Si wafer, while the other on a p-type one. On the p-type wafer the resistance decreases as the probe separation is increased, while on the n-type one it changes little, in agreement with Eqs. ͑1͒ and ͑2͒, respectively. This result can be easily understood if we notice that the SCLs beneath the ͱ 3-Ag surface formed on n-and p-type Si wafers are different. The band bendings in the SCL in the respective wafers are schematically illustrated in Figs. 1͑b͒ and 1͑c͒ , respectively, based on the fact that E F is pinned at 0.16 eV above the valence-band maximum at the ͱ 3-Ag surface. 11 This surface Fermi-level position is determined by photoemission spectroscopy. In the n-type Si wafer, the SCL is a weak inversion layer ͓Fig. 1͑b͔͒, which induces a p-n junction between the surface and the interior of the Si crystal so that the current is confined in the region very close to the surface only, meaning a two-dimensional ͑2D͒ current distribution. In the p-type Si wafer, in contrast, the SCL is an accumulation layer ͓Fig. 1͑c͔͒ where the carrier density is even larger than that in the deep bulk, so that the current penetrates deep into the bulk, meaning three-dimensional current distribution. Based on the experimental results in Fig. 1͑a͒ , we conclude that in the measured 4PP resistance of the ͱ 3-Ag surface formed on the n-type Si wafer, the bulk contribution is negligible, while the p-type wafer shows a bulk property. This is also shown by the resistance value itself; the mea- sured values of resistance for the p-type wafer are consistent with the bulk resistivity of the wafer, while those of the n-type wafer are nearly 2 orders of magnitudes higher than that expected from the bulk resistivity. This is the reason why we choose a n-type Si wafer as the substrate for studying the sheet conductance through the surface states in this paper.
On the n-type Si wafer, after submonolayer of Au atoms is deposited onto the ͱ 3-Ag surface, it is known that the band bending in the SCL becomes moderate so that the SCL becomes a depletion layer due to an upward shift of the surface E F . 11 Accordingly, the carrier ͑hole͒ density in the SCL decreases. Therefore, the interior bulk contribution to the 4PP measurement is neglected not only in the pristine ͱ 3-Ag surface but also in the Au-adsorbed ones. In this case, the measured resistance R can be converted into a sheet conductivity meas according to Eq. ͑2͒,
Because there are two channels for the current to flow through, the measured meas consists of two parts, one is from the surface states SS and the other from SCL SCL , meas = SS + SCL , though SS dominates over SCL for the reason mentioned in Secs. III B-III D. Figure 2 shows the temperature dependences of the measured 4PP resistance of three types of samples: the pristine ͱ 3-Ag, 0.02 ML Au-adsorbed ͱ 3-Ag, and 0.14 ML Auadsorbed ͱ 3-Ag ͑which is the ͱ 21ϫ ͱ 21͒ surfaces. The resistance decreased monotonously from RT to about 140 K for the pristine ͱ 3-Ag surface, while the temperature dependence of resistance changed dramatically just by depositing the submonolayer Au atoms on it. The resistance began to rise by cooling below approximately 250 K for the 0.02 ML Au-adsorbed surface. The 0.14 ML Au-adsorbed surface showed a monotonous increase in resistance by cooling. It was a surprise that such a tiny amount of Au adsorption changed the character of surface conduction so drastically. In Secs. III B-III D, we discuss the characters and transport mechanisms of the respective samples in detail.
B. Pristine ͱ 3-Ag surface: Metallic conduction Figure 3͑a͒ shows the sheet conductivity meas obtained from the measured 4PP resistance R for the pristine ͱ 3-Ag surface shown in Fig. 2 . All of the measured I-V curves kept linear around zero current from RT to the lowest temperature; some of which are displayed in the inset of Fig. 3͑a͒ . meas increases with lowering the temperature down to ϳ140 K, which means a metallic character. Below 140 K, the conductivity turns to decrease with cooling, which corresponds to a metal-insulator transition reported previously. 8 In order to elucidate SS , we have evaluated SCL by a calculation as a function of temperature T, which is plotted in Fig. 3͑a͒ with a solid line. In the calculation, since the E F positions at the surface and in the deep bulk are known, we obtained, by using a well-established method by solving the Poisson's equation, 22 the band bending and the resulting excess carrier concentration at the SCL which is T dependent through the Fermi-Dirac distribution function. The T dependence of the carrier mobility in the SCL is also involved in the calculation. 22 We see from Fig. 3͑a͒ that SCL decreases with lowering T, showing a typical semiconducting behavior. However, the measured meas has an opposite tendency, a metallic character. Thus we can safely claim that the main feature in the T dependence of meas is dominated by SS .
Since the pristine ͱ 3-Ag surface has, as mentioned before, a 2D nearly free-electron band crossing E F , SS can be calculated by the Boltzmann equation using the band parameters obtained by ARPES,
where is the carrier relaxation time, v F the Fermi velocity, and D F the 2D density of states at E F . In the Boltzmann picture, thus, the electron transport is governed by the number density and velocity of 2D Fermi electrons, both of which are almost independent of T in the case of a metallic system as long as there is no temperature-induced phase transition. Therefore, the T dependence of conductivity originates from the relaxation time only ͑ is assumed to be independent of the wave vector k for simplicity. 23 ͒ Usually in a metallic system, the carriers are mainly scattered by phonons as long as the impurity concentration is not too high and the temperature is not very low. In this case, at temperature higher than the Debye temperature, 24 is inversely proportional to T. Since the Debye temperature for the Ag layer of the ͱ 3-Ag surface is measured to be 140 K by positron diffraction experiments, 25 from Eq. ͑4͒ we can expect SS ϰ T −1 . To confirm it, we replot SS ͑= meas − SCL ͒ as a function of T −1 in Fig. 3͑b͒ . As expected, SS is proportional to T −1 from RT to ϳ150 K. Therefore, we conclude that the dominant scattering mechanism for the transport electrons in the ͱ 3-Ag surface state is an electron-phonon interaction, which, in fact, has been confirmed also by recent ARPES studies. 8 It is noticed in Fig. 3 that at temperature lower than ϳ140 K, SS does not increase anymore but starts to decrease, behaving like a semiconductor. Because the ARPES study does not find any change in the electronic band structure of the pristine ͱ 3-Ag surface during cooling, we do not think that this is a metal-insulator phase transition with an energy-gap opening at E F around this temperature. Instead, we think it is due to interference of conduction electrons scattered by inevitable defects such as impurities/point defects and atomic steps on the crystal surface. The details are described in Ref. 8 . At higher temperature, the mean-free path dominated by phonon scattering is short, so that the interference effect is not so significant, while at lower temperature ͑Շ140 K in the present case͒, due to elongation of the coherence length of the surface-state electrons, the Friedel oscillation around defects grows so that the carriers at E F are scattered and localized by the periodic potential variation due to the Friedel oscillation. As a result, the temperature dependence of SS changes from a metallic behavior to a semiconducting behavior due to the localization effect. As the experimental data in the temperature range for the semiconducting behavior are limited, we discuss it in more detail below, by intentionally introducing some Au adatoms, which act as defects inducing the localization, onto the clean ͱ 3-Ag surface.
C. 2D Au nanoclusters on ͱ 3-Ag surface: Carrier localization Figure 4 shows the T dependence of the sheet conductivity converted from the data in Fig. 2 by Eq. ͑3͒. Based on our photoemission spectroscopy ͑PES͒ studies as well as previous studies, 10 after depositing 0.02 ML of Au atoms on the ͱ 3-Ag surface, the E F position measured from E V changes from 0.16 to 0.28 eV ͓see Fig. 1͑b͔͒ . Therefore, the Au adsorbates make the band bending in the SCL moderate so as to reduce the SCL contribution to the measured conductance.
SCL for this surface is calculated to be 0.2 S at RT, which is much smaller than the measured sheet conductivity, meas , so we conclude that meas is approximately equal to the sheet conductivity only through the metallic surface-state band of the Au-adsorbed ͱ 3-Ag surface: meas Ӎ SS .
The T dependence of is completely different from that of the pristine ͱ 3-Ag surface. From RT to ϳ250 K, we see from Fig. 4 that the sheet conductance increases as the temperature decreases. It is a metallic behavior as expected since the surface has a metallic 2DEG band at E F according to ARPES studies. However, from ϳ250 to ϳ115 K, the sheet conductance decreases with lowering temperature, showing a clear semiconducting behavior. Above ϳ190 K, decreases very rapidly with cooling, while below this temperature, the decrease becomes moderate.
Since the electronic transport is governed by the electrons near E F as indicated by Eq. ͑4͒, studying the changes in DOS at E F during cooling is very important for understanding the behavior of the transport in Fig. 4 . Our recent studies 14 revealed that Au adsorbates of 0.02 ML on the ͱ 3-Ag surface kept migrating freely at RT, while they were frozen on identical adsorption sites at low temperatures to form Au nanoclusters. These Au nanoclusters induce resonant virtual bound states around themselves that overlap with each other, forming an impuritylike band at low temperatures. This band hybridizes with the 2DEG surface-state band of the ͱ 3-Ag substrate and makes it split into two ͓see Fig. 5͑a͔͒ . 14 During cooling, therefore, the DOS as well as other properties such as Fermi velocity and effective mass of the electrons at E F are altered, so that the change in sheet conductance is very complicated according to the Boltzmann picture under a nearly free-electron model ͓see Eq. ͑4͔͒.
To understand the behavior of the T dependence of surface-state sheet conductance SS , we investigated using ARPES the detailed changes in the 2DEG band during cooling, which are shown in Fig. 5͑b͒ . The sample surface used for the present ARPES experiment is ͱ 3-Ag with Au coverage of 0.01 ML, but we believe that the quantitative conclusion made from it should be also valid for the sample surface at Au coverage of 0.02 ML used in the 4PP conductivity measurements. It is seen from Fig. 5͑b͒ that from 304 to 239 K, there is only a strong peak ͑peak O͒ located at a binding energy around 0.2 eV, while from 216 to 153 K, there are two peaks being recognized, peak A and peak B, indicated by two arrows. As mentioned above, the mechanism for the band splitting induced by cooling is the hybridization of the Au-nanocluster-induced resonance states with the 2DEG bands.
14 Here we concentrate on the changes in binding energy of the peaks with temperature. In other words, we are trying to find out the relation between the splitting of the band in Fig. 5 and the change in the sheet conductance in Fig. 4 . For this purpose, Lorenzian function with a background of baseline was employed to reproduce the spectra shown in Fig. 5͑b͒ . The spectra from 304 to 239 K were fitted with only one peak while the others with two peaks. The fitted binding energy of each peak is plotted in Fig. 5͑c͒ as a function of temperature. and 135 K ͑right͒. After cooling, the 2DEG band was split into two ͑Ref. 14͒. ͑b͒ Photoemission spectra of the sample surface used in ͑a͒, taken at various temperature from RT to ϳ150 K. The spectra were recorded at ⌫ 2 point on the ͓101͔ direction. Peak O at RT is split into two: peak A and peak B at LT. ͑c͒ Temperature dependence of the binding energy of peak O, peak A, and peak B; Lines are drawn for eye guide.
It is seen in Fig. 5͑c͒ that the changes in binding energy during cooling can be divided into three regions: the first one is from RT to ϳ240 K where there is only peak O at the binding energy ϳ0.22 eV; the second region is from ϳ240 to ϳ180 K where peak A shifts gradually toward E F ; and the last region is below ϳ180 where peak A keeps a binding energy of ϳ0.18 eV. It is very interesting to see that the T dependence of SS in Fig. 4 can also be divided into three temperature regions: from RT to ϳ250 K, increases as temperature decreases; from ϳ250 to ϳ190 K, decreases dramatically with cooling; and below ϳ190 K, decreases moderately. This indicates that T dependence of has a strong correlation with that of the 2DEG band in Fig. 5 .
From RT to ϳ240 K, the band does not split because the Au atoms are in a 2D adatom gas ͑2DAG͒ state, 14 namely, the electronic band structure has not been altered yet, so that D F and v F , both of which are decisive factors to the conductance, should not change yet. Therefore, the sheet conductance increases with decreasing temperature due to reduction in lattice vibration, basically like the behavior of SS in Fig.  3͑b͒ , a typical behavior in a 2D metallic system. From ϳ240 to ϳ180 K, the 2DEG band splits into two, namely, peak O splits into peak A and peak B. It is seen in Fig. 5͑c͒ that peak A shifts gradually toward E F , while the energy shift of peak B is negligible. Such a shift of peak A is an evidence that the 2DEG band keeps changing during cooling within this temperature region. Because the density of electrons does not change, namely, the Fermi wave vector does not change, the Fermi velocity decreases while the effective mass increases gradually due to the upward shift of peak A. As a result, the surface-state sheet conductance decreases with temperature dramatically, as shown in Fig. 4 . However, it is too complicated to quantitatively depict the decreasing procedure of the sheet conductance at this temperature region, since the details of the change in F and D F are unknown ͑we do not have the band dispersion diagram at each temperature͒.
Below ϳ180 K, we see from Fig. 5͑c͒ that peak A does not shift anymore. In the same temperature range, the decrease in sheet conductance with cooling becomes moderate. No more shift of peak A means that the intrinsic properties of conduction electrons such as F and D F may not change anymore. Therefore, it is possible to discuss the dominant scattering mechanism in this temperature region.
In Fig. 4 , we set the horizontal axis of temperature on a logarithmic scale. It is interesting to find that is proportional to ln T below ϳ180 K, which is exactly an expected result of a weak localization effect induced by random potential. Combining with LT-STM image shown in the inset of Fig. 4 , the weak localization effect can be understood in terms of an enhancement of backscattering of carriers. 26 However, in addition to the weak localization effect, Altshuler et al. 27 and Fukuyama 28 pointed out that similar logarithmic behavior in the temperature dependence of sheet conductance is expected if the mutual Coulomb interaction of the conduction electrons is considered. The predicted conductivity for a 2D electron gas in the metallic nonactivated range has the form 29, 30 
where
The first term in Eq. ͑6͒ is from the weak localization effect where ␣ is a constant prefactor, ␣ = 1 for spin-independent scattering ͑the present case͒ and ␣ =1/ 2 for strong spin-flip scattering. 31 The index p depends on the dominant inelastic collision mechanism, and the temperature dependence of the inelastic-scattering time in is expressed as in ϰ T −p . In case that the dominant inelastic scattering is the lattice vibration, p = 1 is expected.
The second term in Eq. ͑6͒ is from the electron-electron interaction where the Hartree parameter F depends on the ratio of the Fermi wavelength to the screening length. F approaches one for strong screening and zero for weak screening. 27 In the extreme condition, −1 = 0 and considering only electrons at E F , F can be expressed in a simplified form,
determined from the angular average of the statically screened Coulomb interaction. Here K is the 2D electron screening constant, given in a nearly free-electron model by
where ⑀ is the dielectric constant of the surrounding materials.
Ono et al. 32 found the value of K to be 0.064 Å −1 for the ͱ 3-Ag surface by taking ⑀ as an average of the vacuum and silicon substrate. Since k F is determined by PES ͑Ref. 14͒, the Hartree parameter F is calculated by Eq. ͑7͒ to be 0.4. This value is not small enough to be neglected, so that contribution of electron-electron interaction to the logarithmic behavior in the temperature dependence of sheet conductance may not be negligible according to this simplest model. One way to make this issue clearer is to perform electrical transport measurements in a magnetic field, which may reduce the enhancement of backscattering induced by random potentials. In the present case, we believe that the weak localization effect is dominated by the random potential created by Au nanoclusters, since the logarithmic behavior of the sheet conductance is relevant to the band splitting that is induced by the random potentials. Using Eq. ͑5͒, we fit the sheet conductance as a function of temperature below 180 K, as shown in Fig. 4 , and obtain the parameters C = 0.87Ϯ 0.01 and ͑T 0 =1 K͒ = 4.5Ϯ 0.2 S. The value of coefficient C obtained here is reasonable compared to the previously reported values, for example, 0.75 found in a thin film 33 and 0.71-0.90 found in an inversion layer in a semiconductor. 30 It is noted that the temperature range for observing the effect of weak localization is quite high in the present case compared to most of the previously reported experiments performed on thin films and inversion layers, where the tem-perature range is from several kelvins to several tens of kelvins. We think that it is because the 2DEG in a surfacestate band that locates in a band gap of the bulk band structure is more sensitive to the random potentials induced by adsorbates at the surface. Actually, it is not so surprising to find a weak localization effect at a temperature higher than 100 K. Markiewicz and Harris 33 even found a logarithmic temperature dependence continuing up to RT in a film with only 1 ML thick.
D. ͱ 21-Au superstructure: 2D granular metal
When the coverage of Au adatoms on the ͱ 3-Ag surface reaches 0.14 ML, the randomly dispersed Au nanoclusters aggregate into a ͱ 21-Au superstructure, which is also a 2DEG system as revealed by previous ARPES experiments. 11, 12 This 2DEG system was expected to exhibit a metallic behavior in the electronic transport, since there are no random potentials to the conduction electrons due to the Au nanoclusters described in Sec. III C anymore. However, our 4PP measurements show an opposite result that the ͱ 21-Au surface displays a semiconducting behavior in the temperature dependence of resistance ͑Fig. 2͒. We attribute it partly to the deficiency of the ͱ 21-Au superstructure such as high-density domain boundaries that may be potential barriers for charge carriers.
Because the SCL underneath the ͱ 21-Au surface on the n-type Si wafer is a depletion layer where the carrier density is extremely low, 11 we need to consider the transport contributions neither from the interior of bulk region nor even from the SCL region. Therefore, the measured resistance in Fig. 2 can be converted into the sheet conductance SS by Eq. ͑4͒, and its temperature dependence is displayed in Fig.  6 . The measured sheet conductance is approximately equal to that through the layer of the ͱ 21-Au superstructure, i.e., the surface-state conductivity SS .
The sheet conductance of the ͱ 21-Au surface at approximately RT is larger than that of the ͱ 3-Ag surface shown in Fig. 3͑a͒ , which is consistent with the previous reports that electron doping from Au adatoms to the substrate increases the sheet conductance. 34, 35 However, it is obvious in Fig. 6 that the sheet conductance has a semiconducting behavior in the temperature dependence in spite of the metallic 2DEG band that the surface has. This result indicates that the electron scattering in the ͱ 21-Au surface is so complicated that cannot be explained well only by a simple band theory.
One possible reason for such an unexpected semiconducting behavior in the electronic transport of the ͱ 21-Au surface is the high-density domain boundaries. Because the ͱ 21-Au superstructure is formed on the ͱ 3-Ag substrate without heat treatment, any defects on the pristine substrate would affect the aggregation of Au nanoclusters, preventing them from growing into a large domain of ͱ 21-Au surface. As a result, the ͱ 21-Au surface is divided into much smaller domains compared to the pristine ͱ 3-Ag substrate. The inset of Fig. 6 shows a STM image displaying such small domains in the ͱ 21-Au surface. The domain boundaries act as potential barriers for conduction electrons. As long as the applied bias between two adjacent domains is not too high, thermal activation is the main mechanism responsible for charge-carrier generation. Therefore, the sheet conductance decreases with temperature. This picture is actually an analogy to that of granular metals in which metallic grains touch each other in a manner that electrons transporting between two neighboring grains have to overcome a potential barrier located between them.
According to the theoretical analysis of Abeles et al., 36 the temperature dependence of the conductance through granular-metal films in low electric field is expressed as
where C is a constant concerning the barrier height and 0 is also a constant independent of temperature. We rewrite Eq. ͑9͒ as
͑10͒
In Fig. 6 , we plotted ln as a function of ͱ 1 / T. It is seen that in the temperature range from ϳ270 to ϳ180 K, ln is approximately proportional to ͱ 1 / T, exactly as the granularmetal theory predicts. By fitting Eq. ͑10͒ to the data in Fig. 6 , we obtained the values of the coefficients, 0 = 2.6Ϯ 0.4 mS and C = 0.076Ϯ 0.008 eV.
In essence, the granular-metal theory depicts a kind of hopping conduction 37, 38 that has been widely studied in disordered systems. In the present case, electrons are localized in the respective domains that are separated from each other by the domain boundaries, in analogy to the granular metals. At a low electrical field, electrons hop from one domain to the other with help of thermal activation. Thus, the activated transport behavior of the sheet conductance at temperature higher than ϳ180 K is roughly explained by the granularmetal theory.
However, the temperature dependence of the sheet conductance deviates from the prediction of the granular-metal theory at T Ͻ 180 K, as seen in Fig. 6 . The decrease in the sheet conductance becomes moderate at this temperature region, indicating a transition of dominant transport mechanism at T ϳ 180 K. This unexpected behavior is not understood well yet. Considering that the Au adatoms transit from 2D adatom gas phase to nanocluster phase also around T ϳ 180 K, we speculate that such an "electronic transport" transition concerns the transition of the Au adatom state, although the correlation between them is not known yet.
Actually, during the STM observations on the ͱ 21-Au superstructure, there was always much deficiency such as domain boundaries, isolated Au nanoclusters, and inevitable steps on the substrate surface. It is such defects in the ͱ 21-Au superstructure that makes the transport mechanism complicated.
IV. SUMMARY
The 4PP conductance measurements were performed on the Au-adsorbed ͱ 3-Ag surface as well as on the pristine ͱ 3-Ag surface itself to investigate the electronic transport through the metallic surface state. Because of the depletion area in the SCL beneath the surface, the current did not flow through the bulk of the n-type Si substrate, and it helps us to make the measurements very surface sensitive. As a result, the measured sheet conductivity consists of the contributions only from the surface state and the SCL. In addition, the SCL contribution is subtracted by theoretical calculations so that the surface-state conductivity is obtained from three types of surfaces, all of which have metallic bands as revealed in previous ARPES studies, but two of them show semiconducting behavior in the temperature dependence of conductivity.
By analyzing the temperature dependence of the sheet conductivity of the surface state in detail, we have discussed the dominant transport mechanism in the three types of metallic surfaces. In the pristine ͱ 3-Ag surface, the surfacestate conductivity is inversely proportional to temperature, exhibiting a typical transport behavior expected in a 2D metallic system where the electrons are mainly scattered by lattice vibration. In the Au-nanocluster phase where 0.02 ML of Au atoms is deposited on the ͱ 3-Ag surface, the Au adatoms play a role of scatters to the conduction electrons by producing random potential. After cooled down, the surface-state conduction electrons are weakly localized by the randomly dispersed Au nanoclusters. This leads to a semiconducting and logarithmic temperature dependence of sheet conductance. In the ͱ 21-Au surface that is formed by depositing 0.14 ML of Au atoms on the ͱ 3-Ag surface, the electronic transport exhibits an unexpected semiconducting behavior despite of the metallic 2DEG surface-state band. At temperature higher than ϳ180 K, it is roughly explained by the granular-metal theory, considering that electrons are localized in the isolated and small ͱ 21-Au domains. At lower temperature, however, the temperature dependence of the surface conductance deviates from the interpretation, showing a more moderate decreasing behavior. More studies are required to make a full understanding of the dominant transport mechanism in the ͱ 21-Au surface states. 
